Bovine papillomavirus types 1 and 2 (BPV-1 and BPV-2) are known to induce common equine skin tumours, termed sarcoids. Recently, it was demonstrated that vaccination with BPV-1 virus-like particles (VLPs) is safe and highly immunogenic in horses. To establish a BPV-1 challenge model for evaluation of the protective potential of BPV-1 VLPs, four foals were injected intradermally with infectious BPV-1 virions and with viral genome-based and control inocula, and monitored daily for tumour development. Blood was taken before inoculation and at weekly intervals. BPV-1-specific serum antibodies were detected by a pseudo-virion neutralization assay. Total nucleic acids extracted from tumours, intact skin and PBMCs were tested for the presence of BPV-1 DNA and mRNA using PCR and RT-PCR, respectively. Intralesional E5 oncoprotein expression was determined by immunofluorescence. Pseudo-sarcoids developed exclusively at sites inoculated with virions. Tumours became palpable 11-32 days after virion challenge, reached a size of ¡20 mm in diameter and then resolved in ¡6 months. No neutralizing anti-BPV-1 serum antibodies were detectable pre-or post-challenge. BPV-1 DNA was present in lesions but not in intact skin. In PBMCs, viral DNA was already detectable before lesions were first palpable, in concentrations correlating directly with tumour growth kinetics. PBMCs from two of two foals also harboured E5 mRNA. Immunofluorescence revealed the presence of the E5 protein in tumour fibroblasts, but not in the apparently normal epidermis overlying the lesions. Together with previous findings obtained in horses and cows, these data suggest that papillomavirus infection may include a viraemic phase.
INTRODUCTION
Papillomaviruses (PVs) are small, non-enveloped viruses consisting of an icosahedral capsid harbouring a circular dsDNA genome. The latter comprises early and late coding regions, as well as a non-coding long control region that provides cis elements required for virus replication and transcription (Campo, 2006a) . PVs are usually host specific and are described as having a stringent tropism for cutaneous or mucosal epithelia (Chow & Broker, 2006) . Epithelial abrasion is one of the prerequisites for PV infection. Virions enter the host via basal epidermal cells, which provide the appropriate surface and secondary receptor molecules for virion attachment and uptake. There is evidence for surface heparan sulphate proteoglycans representing primary PV attachment sites (Joyce et al., 1999; Giroglou et al., 2001; Shafti-Keramat et al., 2003; Schiller et al., 2010) . Subsequent PV endocytosis possibly involves clathrin-and caveolin-mediated mechanisms (Day et al., 2003; Smith et al., 2007) , or may necessitate the presence of tetraspanin-enriched microdomains (Spoden et al., 2008) . Interestingly, experimental data support the hypothesis that PVs can bind to receptor(s) expressed by a wide range of mammalian cells (Roden et al., 1994) . This may also apply to lymphocytes.
In cattle, infection with bovine papillomavirus types 1 and 2 (BPV-1 and BPV-2) results mainly in the development of transient cutaneous and mucosal tumours. In some cases, however, and especially following ingestion of natural immunosuppressants, lesions may persist and progress to squamous cell carcinoma. BPV-induced transformation is predominantly mediated by its major oncoprotein, E5 (Campo, 2006b ).
In addition to disease induced in bovines, BPV-1 and BPV-2 also infect equids and contribute chiefly to the development of common skin tumours termed sarcoids (Chambers et al., 2003) . Sarcoid disease hence represents one of the rare examples of a cross-species infection by a PV (Campo, 2006a) . Although the mechanisms of disease propagation within equid populations are still unclear, there is increasing evidence towards a virion-mediated transmission from equid to equid (Nasir & Reid, 1999; Bogaert et al., 2005 Bogaert et al., , 2010 Marais et al., 2007; Brandt et al., 2008a Brandt et al., , 2011c Nasir & Campo, 2008) .
Sarcoids are non-metastasizing tumours. However, due to their locally aggressive behaviour and their tendency to recur in more severe forms, sarcoids can seriously compromise the welfare of affected equids and cause substantial economic losses (Nasir & Reid, 2006) . To date, no prophylactic vaccine is available to prevent this common, therapy-resistant disease.
In several animal species and humans, immunization with virus-like particles (VLPs) of papillomaviruses has been shown to provide efficient protection from PV infection (Breitburd et al., 1995; Suzich et al., 1995; Kirnbauer, 1996; Kirnbauer et al., 1996; Zinkernagel, 2003; Villa et al., 2005; Schiller, 2007) . In a clinical phase I trial conducted in 15 horses, we recently demonstrated that BPV-1 L1 protein VLPs constitute a safe and highly immunogenic vaccine candidate (Shafti-Keramat et al., 2009; Hainisch et al., 2011) . We next wanted to establish a robust virus challenge model to study the protective potential of BPV-1 L1 VLP vaccination in equids. Based on tumour induction experiments conducted in horses more than 50 years ago (Olson & Cook, 1951; Ragland & Spencer, 1969; Voss, 1969) , four weanling foals were inoculated with BPVcontaining and virus-free inocula and monitored for experimental infection and resulting pseudo-tumour formation using clinical, histological and molecular biological methods.
RESULTS

Only inoculation with BPV-1 virions leads to pseudo-sarcoid formation
The inoculation scheme used is outlined in Fig 1(a) . Tumours developed in all four horses at cutaneous sites inoculated intradermally with BPV-1 virions (Fig. 1b, c) . Lesions became palpable after 11-32 days, reached sizes of up to 20 mm within 8-30 weeks and then resolved spontaneously (Fig. 2) . Lesions mainly developed at sites injected with the higher virion dose, i.e. 5610 7 particles per wheal (Fig. 1b, c) . Tumour numbers varied between ten (colts C2 and C3 and filly F) and 15 (colt C1) per animal (Fig. 1c) . Remarkably, no lesions developed following intradermal injection of either primary sarcoid fibroblasts containing viral episomes (one copy per cell) or naked fulllength BPV-1 genomes. Injection of virus-free equine fibroblasts or PBS used as control inocula had no apparent effect, as expected (Fig. 1b) . Interestingly, surgical removal of one to three lesions per horse (seven lesions in total) resulted in transient recurrence of three lesions in three out of four animals ( Intradermal inoculation with BPV-1 virions fails to induce a neutralizing antibody response Sera collected immediately before experimental BPV-1 inoculation and then at weekly intervals were assessed for BPV-1 neutralizing antibodies by a pseudo-virion (PsV) neutralization assay. None of the sera from any point in time scored positively in this experiment, showing that multiple intradermal inoculations with the indicated amounts of BPV-1 virions in the absence of adjuvant were insufficient to induce a detectable amount of neutralizing anti-BPV-1 antibodies. As expected, robust neutralization was achieved by BPV-1-specific neutralizing mAb 5B6 in the assay (positive control; Fig. 3 ), whereas an anti-HPV-16 mAb was negative (negative control; not shown).
Experimental lesions harbour the BPV-1 genome and transcripts and E5 oncoprotein DNA extracted from one to three pseudo-sarcoids and one intact skin biopsy per individual was screened for the presence of BPV-1 DNA by qualitative and quantitative PCR. All pseudo-sarcoids scored positively by these assays, revealing viral DNA loads of between 11 and 60 copies per cell. In contrast, no BPV-1 DNA was detected in intact skin taken from the chest. Subsequently, one lesion per individual was assessed for the presence of BPV-1 E5 transcripts. RT-PCR revealed E5 mRNA for all four tumours (data not shown), whereas samples for which reverse transcriptase was omitted (no-enzyme control) were consistently negative. 
Experimental BPV-1 infection in foals
Routine haematoxylin and eosin staining (H&E) of tumour sections revealed collagen fibres in the dermis and neoplastic fibroblasts in a whorled pattern, as described for natural sarcoids (Scott & Miller, 2003; Fig. 4a) but no epidermal changes (data not shown). Cytoplasmic ( Fig. 4b , arrow) or a typical juxtanuclear localization of E5 protein ( Fig. 4c , arrow) was seen by immunofluorescence staining. In contrast, no E5 expression was observed for the apparently normal epidermal layer overlying the lesion (Fig. 4d ). When the anti-E5 antibody was substituted with non-specific sheep IgG (Fig. 4e ) or the former was omitted ( Fig. 4f ), no staining was observed.
Infection of PBMCs precedes pseudo-sarcoid formation
Remarkably, viral DNA was demonstrated in PBMCs of all four horses by 2-4 weeks before lesions were first palpable, whereas PBMCs obtained prior to inoculation (day 0) were negative, as expected. In the case of individual C2, viral DNA was first detectable in PBMCs from day 7 postinoculation ( Fig. 5a ). Due to the lower sensitivity of quantitative PCR, viral DNA concentrations in PBMCs could not be measured for all PBMC DNA isolates that were positive by qualitative PCR. Nevertheless, the values obtained seemed to correlate directly with tumour growth kinetics. Viral DNA loads ranged between 0.2 and 7.5 copies per 10 3 PBMCs, with loads consecutively increasing during tumour growth and then decreasing towards zero in the course of spontaneous tumour regression (Fig. 5b) . No more viral DNA was detected in PBMCs after lesions had resolved. Subsequently, all BPV PCR-positive PBMC isolates from individuals C3 and F were assessed for the presence of E5 mRNA. Following b-actin RT-PCR, which confirmed the accuracy of RNA isolation and DNase digestion (data not shown), E5 PCR from the validated cDNA was positive for PBMCs from days 14 and 35 (F) and day 63 (C3) (Fig. 6 ).
DISCUSSION
The main purpose of this study was to investigate whether pseudo-sarcoid induction studies conducted more than 50 years ago (Olson & Cook, 1951; Ragland & Spencer, 1969; Voss, 1969) would be reproducible in our hands, thus providing us with an experimental challenge model for the evaluation of BPV-1 VLPs as a prophylactic vaccine in horses. Intradermal inoculation of foals with infectious, cow wart-derived BPV-1 virions resulted in the robust formation of transient sarcoid-like lesions of the nodular type. In contrast, injection with fibroblasts harbouring viral episomes or with naked BPV-1 genome did not induce overt tumours. These findings strengthen the concept of intact virions being required for BPV infection of equids resulting in skin tumours (Brandt et al., 2011c) and that vaccination with BPV-1 VLPs may become an efficient strategy to protect equids from BPV infection and related skin malignancies (Chambers et al., 2003; Yuan et al., 2007; Hainisch et al., 2011) .
Interestingly, surgical excision of pseudo-sarcoids resulted in transient recurrence of some of the lesions. Whereas Fig. 3 . Intradermal inoculation with BPV-1 virions fails to induce specific neutralizing antibodies. BPV-1 PsVs containing a plasmid vector coding for secreted placental alkaline phosphatase (SEAP) as a reporter gene were incubated in duplicate in diluted horse serum and plated on to 293TT cells. After 48 h, the inhibition of SEAP by BPV-1 neutralizing antibody was measured as mean absorbance. Sera were deemed to be neutralizing when SEAP was inhibited by .50 %. BPV-1-specific neutralizing mAb 5B6 was used as a positive control, and a no-serum control was used as a reference for maximum SEAP, which was set at 100 %. Experimental BPV-1 infection in foals primary tumours were of the nodular type (i.e. firm nodules covered by apparently intact skin), recrudescing lesions reached almost double size and resembled fibroblastic sarcoids, i.e. ulcerated nodules with destroyed epidermis (Knottenbelt, 2005) . This behaviour is consistent with the observation of trauma acting as a co-factor in the development of natural sarcoids and their recurrence in a more aggressive form (Chambers et al., 2003) , thus further supporting the experimental inoculation model as a surrogate for natural infection.
We have shown recently that intramuscular injection of horses with BPV-1 VLPs is well tolerated and induces a long-lasting humoral immune response (Villa et al., 2005; Hainisch et al., 2011) . The fact that intradermal injection of virions failed to induce BPV-1 capsid-specific antibodies in foals is in agreement with the finding of anti-BPV antibodies being detected only rarely in naturally infected cows (Campo, 2006b) . Spontaneous regression of PVinduced human and bovine papillomas is accompanied by a pronounced intralesional accumulation of activated CD4 + , cd and CD8 + lymphocytes (Coleman et al., 1994; Knowles et al., 1996) . Similarly, the observed pseudosarcoid regression in foals may be achieved by a cellmediated immune response.
Histologically, experimental lesions consisted mainly of neoplastic fibroblasts containing E5 oncoprotein, whereas no E5 expression was noted for the apparently normal epidermis overlying the lesions. Early in situ hybridization experiments failed to detect viral DNA in the epidermis of natural sarcoids so that BPV-1 infection was thought to be abortive in equids, with virus residing solely in fibroblasts in an episomal form (Lancaster et al., 1977; Amtmann et al., 1980; Lancaster, 1981) . However, there is recent evidence of BPV-1 infection also involving the epidermis and being productive in horses (Brandt et al., 2008a (Brandt et al., , 2011c Bogaert et al., 2010) . In particular, epidermal E5 expression in naturally acquired sarcoids seems to distinguish the latter from experimentally induced lesions. In sarcoids, E5 protein is thought to compromise cell-mediated tumour clearance via downregulation of MHC class I (Marchetti et al., 2009) , and by this may account for the persistence of the tumours.
The presence of viral DNA was demonstrated for most PBMC samples collected in the course of tumour growth, and respective concentrations correlated with tumour size. During spontaneous tumour regression, viral DNA loads decreased to zero, an indication for the elimination of infected blood cells in the course of cell-mediated tumour clearance. Remarkably, viral DNA was already detectable 2-4 weeks before lesions were first palpable. This unexpected finding is particularly interesting as it may shed new light on the mechanisms of BPV infection. In naturally infected horses and bovines, the presence of viral DNA (Stocco dos Santos et al., 1998; de Freitas et al., 2003; Brandt et al., 2008b , Roperto et al., 2008 and mRNA (Borzacchiello et al., 2010; Brandt et al., 2011b) has been demonstrated consistently. In BPV-2-infected bovines, the viral genome has been shown to reside predominantly in T lymphocytes, where it is also transcribed (Borzacchiello et al., 2010) . Based on these findings, it seems reasonable to assume that viral infection in horses may also involve this cell type. The reported confinement of BPV infection to specific PBMC subsets may explain our finding of relatively low viral DNA concentrations in PBMCs and the rare detection of viral transcripts in these cells. Remarkably, there is recent evidence for early BPV-2 E5 and E7 and late L1 capsid protein also being expressed in bovine T and B lymphocytes (Roperto et al., 2011) , suggesting that these cell subsets are permissive for a productive BPV infection. In concert with the findings reported here of early PBMC infection after experimental inoculation of horses with BPV-1 virions, it is conceivable that infection by BPV-1, and possibly other PVs, comprises a viraemic phase that may even constitute a prerequisite for disease onset and progression. Further investigations are warranted to elucidate this novel aspect of PV infection.
METHODS
Animals. Four 8-month-old warmblood foals (colts C1-C3 and filly F) in good general condition and showing no clinical signs of BPVinduced skin malignancies were purchased and stabled in pairs (C1 and C2; C3 and F) at the Equine Clinic of the Veterinary University Vienna, Vienna, Austria. The absence of BPV-1/-2 infection was confirmed as follows. Horse sera were analysed for the presence of anti-BPV-1 antibody by PsV neutralization assay, as described elsewhere (Hainisch et al., 2011) . Skin biopsies were taken from the neck of each individual using a 4 mm biopsy punch. DNA was extracted from these samples using a DNeasy Blood and Tissue kit according to instructions of the manufacturer (Qiagen) and tested for PCR compatibility by standard equine b-actin PCR (Brandt et al., 2011b) . Subsequently, DNA isolates were screened for the presence of BPV-1/-2 DNA using a previously described PCR protocol (Brandt et al., 2011b; Hainisch et al., 2011) .
Preparation of inocula. BPV-1 virions were obtained by homogenization of cow wart tissue in PBS and subsequent virion purification, as described previously (Shafti-Keramat et al., 2003) . The concentration of infectious virions was determined by in vitro focal formation assay (Roden et al., 1996) . Prior to inoculation, 5610 7 and 1610 7 BPV-1 virions were suspended in 50 ml PBS. A virus-free equine palatal fibroblast cell line (eqPALF; negative control) and a sarcoid-derived Fig. 6 . Detection of E5 mRNA in PBMCs by RT-PCR. A 499 bp fragment of the E5 gene was detected by RT-PCR, as described in Methods. +RT, Reverse transcription of mRNA with enzyme; "RT, no-enzyme control; L, 100 bp DNA ladder (Fermentas); +C, sarcoid DNA (positive control); "C, virus-free equine skin DNA (negative control).
fibroblast cell line containing episomal BPV-1 DNA (ES01.1; positive control) were kindly provided by Lubna Nasir (University of Glasgow, Glasgow, UK) and expanded in DMEM with GlutaMax containing 10 % FCS and 1 % penicillin/streptomycin. Immediately before inoculation, cells were harvested and adjusted to 2610 5 cells in 50 ml PBS. Full-length genomic BPV-1 DNA was obtained by HindIII (Roche) digestion of plasmid pML-BPV1 (Brandt et al., 2008a) , subsequent gel purification (QiaEX II gel extraction kit; Qiagen) and final adjustment to a concentration of 0.36 mg viral genome in 50 ml PBS. PBS aliquots (50 ml) were prepared as additional control inocula to determine possible side effects that might be induced by buffer alone. 5 eqPALF cells per wheal), BPV-1 genome (five wheals with 360 ng BPV-1 DNA per wheal) or PBS alone (five wheals). The injection volume per wheal was 50 ml (Fig. 1) .
Inoculation of individuals C3 and F was carried out 4 months later with the only difference being that genomic DNA was substituted by sarcoid-extract supernatant (five wheals with 50 ml per wheal) containing capsid protein-complexed viral genome (37 000 complexes in 50 ml) as inoculum (Brandt et al., 2008a) . Following inoculation, the horses were clinically monitored, the injection sites palpated and all observations were recorded on a daily basis.
Sample collection and processing. On day 41 after each inoculation, one to three lesions per horse were excised and intact skin was biopsied from the chest of each individual. Tissue aliquots were stored in DNA and RNA extraction buffers ATL and RLT, respectively (Qiagen), and embedded in paraffin for immunohistological analyses. Whole blood (8 ml per horse) and heparinized blood (16 ml per horse) were collected immediately before inoculation and then at weekly intervals until the induced lesions had resolved completely. Heparinized blood was subjected to PBMC isolation using Ficoll-Paque PLUS (GE Healthcare Bio-Sciences) gradient centrifugation. PBMC aliquots were stored at 280 uC as pellets or in TriPure Isolation Reagent (Roche) for subsequent DNA and RNA isolation. The PBMCs in TriPure of individuals C1 and C2 were unfortunately lost due to storage problems. Whole blood was incubated at 4 uC overnight. The sera were then decanted and stored at 220 uC until use.
PsV neutralization assay. Neutralizing serum antibody titres were determined by a BPV-1 PsV neutralization assay as described previously (Hainisch et al., 2011) . BPV-1 PsVs containing a plasmid vector coding for secreted placental alkaline phosphatase (SEAP) as a reporter gene were incubated in duplicate in 1 : 50 dilutions of horse serum and plated on to 293TT cells. After 48 h, SEAP in the cell culture medium was detected and measured as mean absorbance at 655 nm (A 655 ) as described by Pastrana et al. (2004) . The following controls were included in the test: a background control (293TT cells in growth medium), a no-serum control yielding maximum SEAP set at 100 % (reference; PsV-infected 293TT cells without antiserum), a positive control (293TT cells treated with PsVs that had been preincubated with neutralizing anti-BPV-1 L1 mAb 5B6; a gift from R. Roden, John Hopkins University, Baltimore, MD, USA) and a negative control (cells treated with PsVs that had been pre-incubated with non-specific anti-HPV-16 mAb V5; a gift from R. Roden). Serum dilutions causing at least a 50 % reduction in SEAP in comparison with the no-serum control were considered neutralizing.
PCR-and RT-PCR-based analyses. The presence of BPV-1 DNA was investigated in tissue samples and PBMCs of the four horses using PCR. Purified PBMCs as well as collected tissue samples were subjected to DNA extraction using a DNeasy Blood and Tissue kit. Following b-actin PCR (Brandt et al., 2008b (Brandt et al., , 2011a to test for the accuracy of DNA extraction, the DNA was subjected to BPV-1 PCR and quantitative PCR (Brandt et al., 2011b) . DNA from virus-free equine skin and sarcoids, and sterile water were used as PCR negative, positive and no-template controls, respectively. PBMC isolates from individuals C3 and F, which were positive for BPV-1 PCR, were subsequently subjected to RNA extraction followed by DNase digestion and reverse transcription, as described previously (Kohrgruber et al., 2004) . A no-enzyme control was included for every sample. Following b-actin PCR (Brandt et al., 2008b (Brandt et al., , 2011b , which confirmed the accuracy of RNA extraction and successful DNase digestion, cDNA samples as well as the above-mentioned controls were subjected to BPV-1 PCR (Brandt et al., 2011b) . Amplification products (16 ml) from all qualitative reactions were visualized on 1.5 % Tris/acetate agarose gels by ethidium bromide staining.
Immunofluorescence and confocal laser-scanning microscopy.
Paraffin-embedded pseudo-sarcoid sections (5 mm) were dewaxed, rehydrated and subjected to routine H&E staining or immunofluoresence. Antigen enhancement was achieved by heating in a microwave (265 min at 750 W). The sections were then blocked with donkey serum for 30 min and incubated with primary sheep anti-E5 antibody (diluted 1 : 50; kindly provided by Professor M. S. Campo, University of Glasgow, UK) in a humidified chamber at 4 uC overnight. The slides were washed three times with PBS and incubated with Alexa Fluor 488-labelled donkey anti-sheep antibody (diluted 1 : 100; Molecular Probes) for 1 h at room temperature. After washing with PBS, the slides were finally mounted in PBS : glycerol (1 : 1) and evaluated using a confocal laser-scanning microscope (LSM-510; Zeiss). Alexa Fluor 488 was irradiated at 488 nm and fluorescence emission was revealed with a 505-530 nm bandpass filter. The negative controls were obtained by either omitting the primary antibody or using non-specific sheep IgG as a substitute.
